Abstract. Inflammation and iron accumulation in the substantia nigra (SN) are implicated in the pathogenesis of Parkinson's disease (PD). However, the relationship between neuroinflammation and iron mismanagement remain largely unknown. In the present study, an animal model induced by lipopolysaccharide (LPS) was used to evaluate iron concentration in the ventral midbrain with or without neuroinflammation. Furthermore, the iron chelator desferrioxamine (DFO) was used to explore its neuroprotective property against LPS-induced nigrostriatal degeneration. Adult C57BL/6 mice were treated with DFO (2.5 µg) commenced 3 days prior to or following microinjection of LPS into the striatum. Animal behavioral tests, as well as pathological and biochemical assays were performed to evaluate the nigrostriatal dopamine neuron degeneration and neuroprotective effects of DFO. Here, we report that the iron concentration in the ventral midbrain significantly increased following intrastriatal injection of LPS, and administration of DFO improved behavior deficits, attenuated dopamine (DA) neuron loss and striatal DA reduction, and alleviated microglial activation in the SN. These results suggest that DFO may possess neuroprotective effect against LPS-induced nigrostriatal dopamine neuron degeneration.
Introduction
Parkinson's disease (PD) is a common neurodegenerative movement disorder, characterized by a progressive loss of dopaminergic (DA) neurons in the substantia nigra (SN), striatal dopamine depletion (1) and behavioral impairments (2) . Numerous lines of study have shown that aberrant iron accumulation in the SN plays a pivotal role in the pathogenesis of PD (3, 4) . The major mechanism of iron-mismanagement was related to increased iron uptake by DMT1, Tf/TfR2 and Lf/ LfR (5-7), decreased iron export by Fp1 and Cp (8, 9) , and iron storage misregulation by ferritin and lysosome (10) (11) (12) . Application of iron chelation demonstrated a protective effect against DA neuron degeneration in PD animal models induced by N-methyl-4-pheny-1, 2, 3, 6-tetrahydropyridine (MPTP) and lactacystin (4, (13) (14) (15) .
Evidence also suggests that chronic inflammation is involved in the pathogenesis of PD (16) . As an inflammogen, lipopolysaccharide (LPS) has been demonstrated as an effective initiator of nigrostriatal DA neuronal death in experimental animals (17) . Recently, a PD model was created via intrastriatal LPS injection in C57BL/6 mice, revealing loss of tyrosine hydroxylase (TH)-positive cells, progressive dopaminergic neuron death in the SN, progressive decrease of behavioral performance and striatal dopamine decrease (18) . It appears that injection of LPS into the striatum may become a suitable model for revealing the potential role of inflammation in PD-related neurodegeneration.
The primary goal of the proposed study was to investigate whether iron accumulation existed in the ventral midbrain of C57BL/6 mice following intrastriatal injection with LPS and to determine whether iron chelator desferrioxamine (DFO) possesses neuroprotective properties against LPS-induced nigrostriatal degeneration. The results of the study may provide new insight into the potential novel mechanisms for the treatment of PD.
Materials and methods
Animals and treatments. The proposed animal study was approved by the Ethics Committee of Shandong University. Male C57BL/6 mice aged 12 weeks were randomly signed into four groups: control, LPS, pre-DFO and post-DFO. Intracerebroventricular (ICV) administration of DFO (2.5 µg; Sigma, St. Louis, MO, USA) was commenced 3 days prior to or following microinjection of LPS, while the administration of the same volume of saline served as control. For stereotactic injection of LPS and DFO, mice were anesthetized by Avertin (200 mg/kg, intraperitoneal injection) and placed on a stereotactic apparatus (Kopf Instruments, Tujunga, CA, USA). Injection was performed through drilled holes in the skull, into the striatum or paracele using the following coordinate (in mm): 0.5 posterior, ±2.1 lateral and 3.8 ventral from bregma for striatum (19) , 0.5 posterior, ±1.0 lateral and 2.0 ventral from bregma for DFO. A total of 2 µl of phosphate-buffered saline (PBS; 0.1 M) as control or LPS (10 µg; Sigma) in PBS was injected into the striatum of each mouse.
All mice were sacrificed by CO 2 28 days following administration of LPS, followed by transcardial perfusion with ice-cold PBS. The right midbrains of these mice were immediately removed, fixed in 4% paraformaldehyde for 48 h and cryoprotected in 30% sucrose for 48 h at 4˚C, followed by histological analysis. Striatal tissues and left ventral midbrains were rapidly dissected out and stored at -80˚C until analysis.
Locomotion activities and rotarod performance. Locomotive activities and rotarod performance were examined 1 day prior to (set to be day 0), and 7 and 28 days following microinjection of LPS. For the locomotor test, the animal was placed in a chamber (40x40x30 cm) and locomotion activities were recorded in a 60-min section using the AccuScan Digiscan system (AccuScan Instruments, Inc., Columbus, OH, USA), including total distance and moving time. Data were generated automatically by a computer-aided monitoring system. Rotarod performance was determined with a rotarod treadmill (Columbus Instruments, Columbus, OH, USA). The mice were placed on the stationary rod for 30 sec for acclimatization. First, a constant speed of 5 rpm for 90 sec was used for pretraining. Then, mice were tested three times at 1-h intervals on 3 consecutive days for a total of nine tests. During each test, the rotarod began at a speed of 5 rpm for 30 sec, followed by an increase of 0.1 rpm/sec.
Immunohistochemistry. Coronal sections (30-µm) were cut through the entire SN using a Microm HM550 cryostat (Germany). Immunohistochemistry was performed as previously described by Li et al (20) . Briefly, sections were incubated in 0.05% H 2 O 2 in 0.1 M PBS for 20 min to block endogenous peroxidase, in a 2% goat serum/0.1% Triton X-100 in 0.1 M PBS for 1 h to block non-specific binding sites. Then, the sections were incubated in the primary antibodies, rabbit anti-tyrosine hydroxylase (TH) (1:1,500; Protos Biotech, USA) to detect DA neurons; rat anti-CD11b (against MAC1, 1:50; Chemicon International Inc., Billerica, MA, USA) to label microglia at 4˚C overnight. Following that, the sections were incubated with the appropriate secondary antibody (anti-rabbit or anti-rat IgG, 1:200; Vector Laboratories Inc., Burlingame, CA, USA) for 2 h at room temperature. The avidin-biotin method was used to amplify the signal (ABC kit; Vector Laboratories Inc.), and 3,3-diaminobenzidine tetrachloride (DAB) was used to visualize bound antibodies.
Determination of striatal DA and its metabolites. The concentrations of DA, 4-dihydroxy-phenylacetic acid (DOPAC) homovanillic acid (HVA) in striatal tissues were quantified by HPLC. Briefly, striatal tissues mixed with ice-cold 0.1 M perchloric acid were homogenized by sonication, followed by centrifuging at 14,000 x g for 12 min at 4˚C. The supernatants were filtered through acrodisc filters (0.25-µm), subjected to HPLC (HTEC-500; Eicom, Japan) with the column (EICOM-PAK SC-3ODS; Eicom) and detected by an electrochemical detector (AD Instruments Pty Ltd., Castle Hill, Australia). The mobile phase (pH 3.5) consisted of 0.1 mM citric acid, 0.1 M sodium acetate, 220 mg/l octane sulfate sodium, 5 mg/l EDTA and 20% methanol.
Iron measurement in the ventral midbrain. Wet ventral midbrains were weighed and then digested in concentrated hydrochloric acid. Tissue iron concentrations (nmol/g) were determined spectrophotometrically using the kit from DCL (Diagnostic Chemicals Ltd., Oxford, CT, USA) in a modified microtiter plate assay as previously described by Zhu et al (14) .
Statistical analysis. Data were analyzed using SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). The mean values among 4 groups were analyzed by using one-way analyses of variance (ANOVA) test, followed by post hoc Dunn's multiple comparisons analysis. P-values of <0.05 were considered to denote statistical significance.
Results

DFO improved behavioral performance in LPS-lesioned mice.
Compared to the control, locomotive activities (total distance A B C Figure 1 . DFO improves behavioral performance in LPS-lesioned mice. Locomotive activities and rotarod performance were performed 1 day prior to (set to be day 0), and 7 and 28 days following microinjection of LPS. Changes in locomotive activity are shown by (A) total distance traveled and (B) moving time.
(C) The alteration of rotarod performance was recorded by time staying on the rod. Data were expressed as the means ± SE (n=5). Fig. 1A and B) . The rotarod performance (time staying on the rod) was reduced by 56.4% (P<0.01) on day 7 and 54.5% (P<0.01) on day 28 (Fig. 1C) 
Effects of DFO against LPS-induced DA neuron loss in SN.
Compared to the control, the number of DA neurons in the SN was reduced in LPS-lesioned mice by 55.4% (P<0.01). Pre-treatment with DFO markedly protected the DA neurons in SN against LPS-induced injury by 47.1% (P<0.01) and post-treatment of DFO significantly restored DA neuron degeneration by 37.4% (P<0.05) ( Fig. 2A and B) .
Effects of DFO against LPS-induced depletion of DA and its metabolites in SN.
A loss of 75.6% DA content was traced in the striatum following microinjection of LPS compared with the control (P<0.01). Pre-treatment with DFO significantly protected striatal DA by 61.1% (P<0.01). Compared to the control, DOPAC and HVA levels were decreased by 67.8% (P<0.01) and 55.8% (P<0.05) in LPS-lesioned mice. Pre-treatment with DFO showed reduction in the loss of DOPAC and HVA by 36.9% (P<0.05) and 53.4% (P<0.01), respectively. Post-treatment with DFO significantly restored DA by 51.9% (P<0.01), DOPAC by 28.5% (P<0.05) and HVA by 39.7% (P<0.05) ( Table I) .
DFO alleviates microglia activation in LPS-lesioned mice.
Microglia activation was detected by CD11b staining and morphological characterization. Compared to the vehicle control, approximately a 1.6-fold increase in microglial profile was observed in the SN of mice injected with LPS. A dense deposition of hypertrophic microglia was observed in the CD11b immunostaining profiles (Fig. 3A) . Compared to microinjection of LPS, pre-and post-treatment with DFO significantly inhibited microglia activation by 57.8% (P<0.01) and 51.6% (P<0.05), respectively (Fig. 3B) .
DFO attenuates LPS-induced iron accumulation.
Iron concentration in the ventral midbrain was elevated at the end of our study, and the ability of DFO to chelate brain iron was tested in the LPS-injected mice. Compared to the vehicle control, iron concentration of the ventral midbrain in LPS-lesioned mice significantly increased by 44.9% (P<0.01). Pre-and postapplication of DFO significantly attenuated iron overload in the ventral midbrain by 86.3% (P<0.01) and 67.5% (P<0.05), respectively (Fig. 4) .
Discussion
Numerous studies have previously revealed that neuroinflammation plays a pivotal role in the pathogenic process of PD and may underlie the molecular mechanisms attributed to neurodegeneration in the SN (21) (22) (23) . It has been demonstrated that inflammatory mediators, such as ROS, NO, TNF-α and interleukin (IL)-1β derived from non-neuronal cells, including microglia, modulate the progression of neuronal cell death in PD (24) . Studies of LPS-mediated neurotoxicity provided sufficient evidence that inflammatory responses cause loss of dopaminergic neurons (25) . Injection of LPS into mouse brains was found to cause increased levels of inflammatory mediators, such as COX-2 and iNOS, which may be involved in nigrostriatal neuron degeneration (26) . Microglia are the primary initial responders to LPS and produce mediators, such as TNF-α and IL-1β (27) . The combination of factors produced by activated microglia may promote neurotoxicity, leading to nigrostriatal degeneration. In the present study, we modeled neuroinflammation through the application of LPS to the striatum in mice. Using this animal model, we observed significant nigrostriatal neuron degeneration, microglial activation and behavioral deficits induced by LPS, which provides us with a novel tool to study the role of neuroinflammation in PD.
Iron is the most abundant transition metal in the body, with high concentrations in the brain (28) . The most common locations of high iron concentration in the brain are the globus pallidus, red nucleus and the SN, which are most vulnerable to PD (29) . Several lines of study have shown a progressive accumulation of iron in PD patients, particularly in the SN pars compacta (30) . Iron-mediated DA neuron damage is related to the fact that iron is involved in the generation of reactive oxygen species (ROS). Hydrogen peroxide (H 2 O 2 ) is produced during oxidative deamination of DA, which reacts with Fe 2+ , leading to the production of hydroxyl radicals ( -OH) that damage proteins, nucleic acids and membrane phospholipids, which may cause DA neuron injury (31) .
In the present study, we found that the iron concentration in the SN was significantly increased compared to the vehicle control after microinjection of LPS. One of the most possible reasons for iron accumulation may relate to the dysregulation of nigral iron homeostasis as a result of DA neuron loss and iron released from neuromelanin. Furthermore, we demonstrated that application of iron chelator DFO significantly alleviated the nigrostiatal neurodegeneration and iron accumulation and inhibited the microglial activation in the SN, indicating that DFO may be involved in the neuroprotection against neuroinflammation induced by LPS.
In conclusion, our study demonstrated that iron chelator DFO possesses protective properties against LPS-induced DA neuron death and increased iron levels. The biological effects of DFO against neuroinflammation may open a novel avenue by which to explore additional molecular mechanisms of iron chelation in the neuroprotection of PD. 
